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PREFACE 

This report is one of a series of technical reports resulting from 

work undertaken as part of the Stratford -A von River Environmental 
■Managemient Project (SAREMP). 

This two-year Project was initiated in April U'SO, at the request of 
the City of Stratford. The SAREMP is funded entirely by the O'ntario 
Ministry of the Enivlroniment . The purpose of the Project is to 
provide a comprehensive water quality managemient strategy for the 
Avon River Basin. In order to accomplish this considerable investi- 
gation, mo'nitoring and analysis have taken place. The outcome of 
these investigatiO'ns and field demonstrations will be a documented 
strategy outlining the program and implementation, mechanismis most 
effective in resolving the water quality problems now facing 
residents of the basin. The Project is assessing urban, rural and 
in-streami management mechanisms for improving water quality. 

This report results directly from the aforementioned investiga- 
tions. It is meant to ibe technical in nature and not a statement of 
policy or program direction. Qibservations and conclusions are those 

of the authors and do not necessarily reflect the attitudes or 

philosophy of agencies and individuals affiliated with the Project. 
In certain cases the results presented are inter imi in nature and 
should not be taken as definitive until such time as additional 
support data are collected. 

Enquiries with respect to this report should be directed to: 

Ministry of the Environment 
985 Adelaide Street South 
London Ontario 

N6E 1V3 

(519) 681 3600 



ABSTRACT 



Phosphorus enrichment of the Avon River causes eutrophic conditions 

to prevail throughout the summer months both above and below the 

City of Stratford, The reduction of phosphorus inputs to the river 
system is being considered as one means of controlling this 
entrophi cation. To this end, phosphorus inputs from a variety of 
urban and rural sources have been estimated, and remedial control 
measures have been assessed. Phosphorus inputs and instream 
transport are compared, and a black box approach is used to model 
instream processing of phosphorus. With this approach,, instream 
concentrations are related to phosphorus inputs in order to predict 
improvements engendered by Input reductions. 

Total phosphorus inputs over the May-to-$eptember period were 
estimated to be 47i63 kg. Of this amount, 1052 kg. are exported out 
of the river system. The remainder may be lost to seasonal or 
long-term instream sinks. The discrepancy may also be caused by a 
downward bias in the estimation of exports. Fifty percent (50%/) of 
inputs are urban in origin, 44% are from rural agricultural 
activities and a further 6%. are from background sources. The 
Stratford water pollution control plant is the largest and most 
concentrated source. Rural overland runoff and urban storm water 
are the next most significant sources. No single source 
predominates overall within the basin. Consequently, significant 
reductions can be made only if several sources are control Ted. 

With maximum feasible reductions of inputs, instream concentrations 
of phosphorus along the Avon River are predicted to fall 10' to 51%. 
The greatest reductions are expected below the Stratford Water 
Pollution Control Plant. Concentrations above Stratford are 

affected only if rural measures are implemented. 



II 



It is not clear that reductions of phosphorus inputs considered in 
this stud}/ will be sufficient to control eutrO'phic conditions in the 
Avon River.. They will nevertheless lower instreafn concentrations 
towards the Provincial guideline for phosphorus and will contribute 
to the control of phosphorus loadings to the Thames River and Lake 
Erie, 
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1. INTRODUCTION 



Eutrop'hii cation is the most pervasive and complex jproblem 
encountered on the Avon River. The im:an.ifestationiS of this are 
luxuriant growths of attached and rooted aquatic plants 1n the 
river. These cause a hazardous amplification of the diurnal 
cycle of dissolved oxygen concentrations. Eutrophic conditions 
exist both above and below the City of Stratford (Figure 1). 
Phosphorus is most likely the limiting nutrient sustaining this 
plant growth. As such, its control is an important 
consideration for water quality m,anagemient ofl the Avon River, 
This report presents an analysis of the potential for 
phosphorus control in the Avon River, Phosphorus inputs are 
estimated, and input controls are assessed. Phosphorus inputs 
to the river are then related to instream phosphorus 
concentrations. 

The approach to analysis in this report relies on reported or 

measured statistics and miodelling data from other studies since 

processes in the river basin are too complex to be miodelled 
directly here. This is parti culary true of instreami processes 
which include physical, chemical and biological activities. 
Information about these processes is broyght to bear in the 
initerpretation of results and the prediction of the impacts of 
phosphorus controls. 

Where they are available, data are presented for a full annual 
period. Most of the analysis, however,, focusses on the Miay-to- 
Se'ptember peri od i nc 1 usi ve . Thi s i s the cr i ti cal growi ng 
season for aquatic plants. Furthermore, the analysis in this 
report deals primarily with total phosphorus rather than the 
soluble or bioavailable fractions, Infonmation on the 
bioavaiable fraction, that portion that is readily available to 
aquatic plants, is provided wherever possible. 
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FIGURE 1: SUB-WATERSHEDS AND WATEiR QUALITY MONITORING 
STATIONS OF THE AVON RIVER DRAINAGE BASIN 
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2. PHiO'SiPHOiRUS INPUTS AND CONTROl MEASURES 
2.1 Urban Sources 



Urban SO'Urces of phosphorus are described in a nym,ber of SAREMIP 
Technical Reports.* These are summarized in Table 1. Controls are 
assumed only for the sewage effluenit sources (see SAREMP Final 
Report). Control of the tertiary effluent load is of particular 
interest since the proposed control method, dual -stage injection of 
alum, eliminates 92% of the bioavailable phosphorus in tertiary 
effluent. This reduction irtay yield an instream biomass impact that 
is proportionately larger than the impact on instream total 
phos phor u s co ncent rat 1 ons * 



2.2 Rural S ources 

2.2,1 Livestock 

Loading estimates for the live stock- related sources are listed in 
Table 2. Loading over the May- tO'-^ September period for feedlot and 
manure pile runoff phosphorus are allocated in proportion to t'otal 
runoff associated flo^ws over this period. These amount to 17.7% of 
annual flows occur ing during periods of runoff (Appendix 1). 

It is assuined that sources identified in Table 2 can ibe eliminated 
by measures that will divert conitaminated runoff or restrict cattle 
access. Implementation difficulties may, however , pose a constraint 
on complete elimination. A 50% reduction 1s therefore assuimed to be 
feasible. 



A list of SAREMP technical Reports is provided on the inside of 
the back cover. In this report, these are referenced by their 
report number. 
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TABLE 1: INPUT LEVELS AND CO^NTROL MEASURES 
FOR URBAN PHOSPHORUS SOURCES - MAY TO SEPTEMBER 



SOURCE 




MEAN TOTAL 


PHOSPHORUS 


CONTROL 




FEASIBLE 


SOURCE 






CONCEINT RATION 


LOAD 


MEASURE 




REDUCTION 


DOCUMENT* 






(mg/1 ) 




(kg) 






(kg) 




Water Pollution Control 


'*^i 














Plant -Sta. 6 to Sta. 7: 
















-tertiary 




0. 35 




900 


- dual stage 


alum 


660 


U-4 


effluent 










injection 








-bypass 




0.4-0.5 




752 


- reduction < 


and 


466 


U-6 


effluent 










storage of 

flows into 


storm 

WPCP 






Storm Sewer Uet 


















Weather Flows 


















- sta. 3 to sta. 


. 6 


0.5 




259 


none 




_, 


U-7 and 


- sta. 6 to sta. 


7 


0.5 




44 


none 




■■■" 


background 


- sta. 7 to sta. 


.10 


0.5 




124 


none 




- 


files 


Strom Sewer Dry 














• 




Weather Flows 


















- sta. 3 to sta. 


6 


0.2 




230 


none 




- 


U-3 and 


- sta. 6 to sta. 


7 


0.2 




11 


none 




■■ 


background 


- sta. 7 to sta. 


,. 10 


0.2 




63 


none 




M 


files 



Lake Victoria Waterfowl 
(sta. 3 to sta. 6) 



22 



none 



S-1 



NO'te: * See inside back cover for titles of technical reports. 
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TABLE 2: PHOSPHORUS INPUTS FROM LIVESTOCK ACTIVITIES 





LOADiINGS 


B.Y SOURCE (KG) 










FEEDLOT 


RUNOFF** 


MANURE PILE RUNOFF** 


CATTLE 




May to 


Annual 


May to 


Annual 


ACCESS*** 


SUB-BASIN* 


Sept. 




Sept, 


Annual 


above 1 


83 


470 


6 


33 


81 


1 to 3 


127 


717 


33 


185 


38 


3 to 6 


i 


21 


2: 


Ifi 


27 


6 to 7 


§ 


i 


i 


i 


i 


7 to 10 


» 


221 


1 


11 


Ji 


10 to 13 


ii 


309 


i 


« 


11 


TOTAL 


308 


1738 


55 


305 


204 



NiOt.es: * Sub-basins are denoted by upstream; and downstream 
water qualiity monitoring stations* 
** From Hayman (1983) 
From Demal (1963) 



2.2.2 Agricultufal Tile Drains 

Tho phosphorus loading associated with agricultural tile drainage flows 
is estimated using an area loading rate. This rate is influenced by a 
number of fdctors including soil type, drainage flow volume, crops and 
fertilization practices. Estimated loading values spanning a range of 
cofiditions arc given in Table 3. The mean of these values is 0.22 kg 
ha~ yr~ , while for lighter more permeable soils the mean value is 
O.i. 7 kg ha~ yr~ . This lower value is likely to be more 
rtipresentati ve of loadings from the predominantly silt loam soils '-of 
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the Avofl basin. Annual loading calculations therefore use this value. 
In Miller's (1977) research, soluble ortho-phosphorus loadings fo^r 
light soils ranged from O'.OOl to 0.13 kg ha^'^ ,yr"^ and comprised, 
on average, 22%. of the total phosphorus loadings. 

Tile drainage inputs, like feedlot and manure pile inputs, are 
allocated to the May to September period 1n proportion to stream flow 
volumes during runoff episodes that occur during this period (Appendix 
1). Thus 17.7% of annual tile drainage phosphorus loadings are assumed 
to enter the river through this period. 

Tile draimage loadings of phosphorus are fixed for this analysis, ie. 

no control measures are considered for the drainage flows. Loading 

values are given in Table 4. 

2.2.3 Overland Runoff 

Estimations of phosphorus loadings from overland runoff are based on 
the relationship between sediment and particulate phosphorus as applied 

by Miller et.al (1982): 

Annual Sediment P loiad = (total overland sediment load) x 

(soil P content) x (P enrichment ratio) (1) 

Annual Total P load - Sediment P load 

(1 - dissolved runoff P/total runoff P7 

= Sediment P load / (1 - .24) |:|| 

The value, ,24, for the dissolved phosphorus fraction in runoff 
phosphorus is also based on iMIller et al (1982). Measurements of 
the total phosphorus content of basin soils were not available. A 
mean value for Ontario soils,, .733 mg g^'V, provided by Spires and 
Miller (1978) Is used here. The standard deviation of this value, 
.150 mg g" ■, suggests that this parameter 1s not that variable and 
that errors introduced by using a provincial mean rather than a 
basin value are not likely to be large relative to other sources of 
prediction error inherent in this sort of exercise. 

In the same report. Spires and Miller, also develop the following 
expression to predict the phosphorus enrichmient ratio (PER) in field 

•^ i - 



TABLE 3: REPORTED PHOSPHORUS YIELDS FOR 
TILE DRAINAGE FLOWS IN MINERAL SOILS 



SOURCE 


SOILS 


FLOW 
103m3 


MEAN TOTAL 


PHOSPHORUS YIELDS 








kg /t 


,a .yr . 








per ha.yr. 


(range i 


n brackets) 


Miller (1977) 


- clay 


3.6 


0.48 




(0.06 


- 0.64) 




- clay 


2»8 


0.30 




(0.02 


- 0.44) 




- clay 


2.5 


0.35 




(0.21 


- 0.49) 




- sand 


1.9 


0.24 




(0.15 


- 0.30) 




- sandy lO'am 


0.7 


0.07 




(0.05 


- 0.09) 




- clay 


1.8 


0.36 




(0.10 


- 0.61) 




- sand to sandy 














and silt loanii 


1.4 


0.14 




(0.14 


- 0.15) 




- sand 


3.9 


0.32 




(0.10 


- 0.48) 


iBolton et all 


- clay: 












1970 


no fertilizer 


« 


0.12 




(0.01 


- 0.26) 




fertilized 


•»». 


0.19 




(0.12 


- 0.29) 


Erickson and 


- sandy clay loam 


0.10 








Ellis, 1971 


- clay loam 


- 


0.09 








Loehr, 1974 


- no^ ferti lizer 


_ 


0.11 




(0.01 


" 0.23) 
- 0.26) 




- fertilized 


"-• 


0.17 




(0.11 



TABLE 4 : PHOSPHORUS INPUTS FROM AGRICULTURAL 

TILE DRAINAGE FLOWS 



PHOSPHORUS LOADING S BY SUB- BASIN (kilogr ams) _____ 

abovi ITto' 3 to 6 to " 7 to TOTo TOTAL 

SEASON 1 3 .6' 7 10 13 



jMay to 
Sept. 

Annual 



43 



242 



36 



201 



35 



199 



17 



97 



39 



219 



49 



278 



219 



1236 
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runoff as a function of the clay and sand content of soils and the runoff 
sediment concentratinn! 



sediment concentration: 

PER = 5.547 - 0.0202(SO X CL) + 0.00128(Cl2) + 0.0004(s2) 

(3) 



+ 0.455(SD^) - 2.674(S0) 



where 



CL = % clay in soil (soil particles size less than .002 mm) 
S = % sand in soil (soil particle size greater than .05 mm) 
SO = log^Q of runoff sediment concentration (mg/1) 

Typical particle size fractions for the silt loam soils that predestinate in 
the Avon Basin are (Hoffman and Richards, 1952): 

CL = 15% 

S = 26%. 
I 
Using these values, phosphorus enrichment ratios are given for a range of 
suspended sediment concentrations in Figure 2. 

Sediment loading data is required in order to select a value for the 
phosphorus enrichment value and then to enable the phosphorus loading 
calculations. D. Coleman (1983) has estimated a total annual delivered 
sediment load for the Avon Basin of 6,200 tonnes. Dividirin vr; amount by 
the total flow volume occuring during periods of runoff (Appendix 1) yields a 
typical annual runoff sediment concentration of 153 mg r^. The suirmer 
portion of this delivered sediment is estimated to be 9% based on sediment 
concentrations (Appendix 2) and runoff flow volumes (Appendix 1) at station 
10. This fraction is similar to the fraction of annual sediment volumes 
delivered over the May to September period from 1975 to 1980 on the Ausable 
River and Canagagigue Creek. 13% and 4% respectively (Water Survey of 
Canada). Using 9% of annual sediment loads and the summer wet weather runoff 
flow volume (Appendix 1), the typical summer wet weather sediment 
concentration is estimated to be 77 mg tI These annual and su^er 
sediment concentrations in overland runoff correspond to phosphorus 
enrichment ratios of 1.8 and 2.1 respectively (from Figure 2). Annual and 
seasonal phosphorus loadings associated with overland runoff were calculated 
using these enrichment ratios along with other data provided above and 
delivered sediment data disaggregated by sub-basin (Table 5).* 
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25 50 100 250 500 1000 

SUSPENDED SEIDIMENT CONCENTRATIONS IN RUNOFF FLOWS (mg/1i ) 



FIGURE 2: PHOSPHORUS ENRICHMENT RATIO RELATIONSHIP 



. . 



Crop .management measures are considered as means of controlling the 
phosphorus loading from overland runoff. These include three 
options: 

»■ fall tillage with a chisel plow 

spring tillage with a moldboard plow 

ridge plant on fields with shallow slopes ( 2%) 

convert continuous row cropping to a forage based rotation. 

These practices are assumed to be applied to cropland currently used 

for continuous row cropping,, a corn rotation system or a mixed 
systemi.** Cropland in these categories comprise 12%. of the total 

basin area and account for 86%. of the annual sediment load (Table 6), 

The impacts of the conservation measures listed above, can be 

analysed using the crop cover factor (C~f actor) of the universal 
soil loss equation. Assuming other factors are constant and, of 
necessity s ignoring impacts of overland sediment transport 
processes s changes in delivered sediment will be proportional to 
changes In the C-f actor,, C-f actors for the Miay-to-September period 
were estimated using the methodology of Wischmeier ,and Smith 
(1978). These are presented in Table 6 for the conservation 
practices noted above and for the existing, tillage practice -- fall 
tillage with a moldboard plow. 

Phosphorus loadings do not fall in proportion to sediment loadings 

when m,anagement measures are applied since finer, phosphorus bearing 
soil particles are more readily transported during episodes of 
runoff. In effect the phosphorus enrichment ratio may increase with 

the Introduction of conservatiO'n measures. Therefore, sediment 
phosphorus load reductions are assumed to be proportional to 
sediment load reductions multiplied by a factor of 0.89 (U.S,.,. Armiy 
Corps of Engineer J ,19825 pg. 136,}. 



* Delivered sediment data by sub-basin were proyided by D, 

Coleman, personal communication. 
** .For a description of these systems ^ see D. Coleman, 1983. 
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TABLE 5 ■ PHOSPHORUS INPUTS FROM OVERLAND 
RUNOFF FLOWS 



May tO' 

Sept. 



PHQSPHQiRUS LOADINGS BY SUB^-BASIN (kilograms) 

above 1 to^ """ " 3 to 6 to"'" " "7 to 10 to TOTAL 

SEASON 1 3 i 7 W 13 



471 148 24 40 277 184 1.144 

Annual 4.482 1,411 229 382 2,637 1,750 10,891 



TAIBLE 6: CALCULATION OF OVERLAND RUNOFF PHOSPHORUS 
LOADS BY CROPPING SYSTEM 



CROP SYSTEM BY 


SLOPE CLASS 








CONTINUOUS 


CORN 




MIXED 




ALL 


ROW CROPS 


ROTATION 


SYSTEM 




SYSTEMS 


0-2%. 2%+ 


0»2'°Z 


2%+ 


0-2^i 


2%,+ 


all 


Area (ha) * 2086 244 


2364 


461 


4200 


712 


16231 


Annual Delivered 












Sed tm^ent (tonnes )* 15 1484 


12 


1 736 


14 


2061 


6200 


C-Factors, May to Sept. {%): 












- fall moldboard 37 


32 




i? 




- 


- spring moldboard 34 


30 




li 




- 


- fall chisel 28 


16 




i 




- 


- ridge plant 24 


13 




1 




- 


- rotations *** 17 


"~ 




^ 






Total Phosphorus Load (kg):** 












- Annual 80 1700 


61 


2000 


72 


2400 


10891 


- May to Sept., § 170 


6 


200 


7 


230 


1144 



Notes:* Source: U, Coleman, 1983. 



** 



Phosphorus loadings for each ariea are determined using the 

miethodology applied for Table 4 results. PER values for the 
0-2>^ slope areas are 5.3 and 6.1 for annual and sumer 
loadings; for the miore steeply sToped areas they are 1.2 and 
1.3 respectively, 

*** Continuous row crop areas converted to mixed system. 



= 11 



The conservation practices are assumed to affect only the sediment 

■associated particulate phosphorus and not the soluble phosphorus 
fraction {U.S. Army Corps of Engineers, 1962, pg., 139). The soluble 
fraction, after application of conservation -measures ^ will therefore 
exceed the 24% value assumed above for the base case loading 
estimate. 

In keeping with the assumptiO'ns outlined above, the impact of 
conservation ineasures on phosphorus carried by overland runoff is 
estimated using the expression: 

Phosphorus Load with a Conservation Measure = 

(phosphorus load under existing conditions) X 
(.24 + .76 (CO'nservation C-f actor/Base-Case C-f actor) (.89)) 

(4) 

Phosphorus loadings resulting after the application of conservation 
measures are provided in Table 7, These are not disaggregated by 
sub-basin. Sub-basin loadings are assumed to change in proportioin 
to total basin loadings. 

Among the conservation measures considered "in Table 7, it is 
evident, given assumptions that are made, that fall tillage with a 
chisel plow has the greatest impact on phosphorus loadings in 
overland runoff from May to September, Moreover, most of this 
impact is provided by treatment of the land area with slopes 
exceeding 2%,* Accordingly, fall tillage with a chisel plow is the 
only crop ■mangement measure that is given further consideration in 
sections that follow. 



This result is indicative of the need for targetting of efforts 
to promote conservatio^n tillage. Factors other than slope may 
of course be important in selecting target areas; Dickinson, for 
examiple, assesses the importance of other hydrologic factors 
(1981). 
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TABLE 7: IMPACT OF CONSERVATION MEASURES 
ON PHOSPHORUS LOSSES IN OVERLAND RUNOFF 

., FROM IMAY TO SEPTEMBER 





LOADINGS BY 


CROP AREA, 


MAY TO SEPT. 


JlaL.., 






CONTINUOUS 
ROW CROPS 


CORN 

ROTATIONS 


MIXED 
SYSTEMS 


ALL RURAL 
AREAS * 


Existing (fall 
Mo id board) 


178 


206 "' 


237 


11144 (100%) 


Spring Mo Id board 
-slopes: all 
2%+ 


154 
155 


181 
182 


209 
209 


1067 
1069 


(93%) 
(93%) 


Fall Chisel 
-slopes: all 
2%+ 


134 
136 


119 
122 


133 

136 


909 

917 


(79%.) 
( 80%) 


Ridge Plant 
-sliopes: 0-21 


175 


203 


234 


1135 


(99'%) 


RjOtation;S 
-slopes: all 
2%+ 


98 
105 


206 
206 


237 
237 


1064 
1071 


(93%) 
(94%) 



Note:* Control options are applied only to the Intensively cropped 

areas that are treated separately here. Losses from other rural 
areas do not change. 
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2.2.4. Streamibank Erosi 



on 



The final rural source to coniSider is stream ba,nik erosion. One Canadian 
study of streambank ero^sion (Knap et.al, 1979) monitored streambank 
erosion processes and estimated sediment and phosphorus yields for a 
numiber of small agricult,ural basins. Phosphorus yield rates ranged from 
0.33 to 10.30 kg kii"^ yr'^ for those basins studied in detail,. Among 
those basins,, Canagagigue Creek was nearest to the Avon Basin both 
geographically and in terms of physiography, drainage intensity,, climate 
and land use. The yield rate for this basin, 10.16 kg km"'^ yr"'^ , is 
used here to estimate ph,osphorus loadings from streambank erosion on the 
Avon. Estimation of the May to September period load is based on the 
fraction of suspended sediment estimated to be transported past station 
10 over this period, 9% (see section 2. ,2. 3 above). Loading estimiates are 
provided in Table 8. A 50% reduction of these loads is assumed to be 
feasible using structures such as cattle access controls and rip-rapping 
around tile outlets. 



TAIB.LE 8: PHOS,PHORUS INPUTS FROM STREAMBANK, EROSION 





,sub-b.as.tn: 


PHOSPHORUS LOAOTNG (ka) 
May to Sept., Annual 




above sta. 1 
sta. 1 to sta. 3 
sta. 3 to sta, 6 
sta. 6 to sta. 7 

sta. 7 to sta. 10 
sta, 10 to sta. 13 


27 304 
22 244 

34 383 

13 146 
22 243 
16 173 



TOTAL 1^ 1,493 
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2.3 B-ackgroiund inputs 

In addition to the sO'Urces cited above, there are also natural or 
background inputs of phosplhorus to the stream. These may originate from 
erosion which will prevail to some degree even without human, influence. 
Phosphorus is of course present in rain water and groyndwater so that one 
wO'Uld expect to find phosphorus in streams even in the absence of any 
erosion. 

Relatively undisturbed streams to the north of the Avon River, in the 
Maitland and Saugeen River basins exhibit mean phosphorus concentrations 
that lie between 0.010 and 0.040 mg/1 with the greatest number of these 
values lying between 0.020 and 0.030 mg/1 (MOE, 1981). Ground water from 
overburden wells in the Avon basin has a mean total phosphorus 
concentration of 0.027 mg/1 (Hydrology and Monitoring Section, MOE, 
1962), This value is typical of the undisturbed stream phosphorus 
concentrations and 1s used here to represent the impact of natural 
inputs. Based on flow volumes in Appendix 1, this concentration implies 
a bas1n-w1de input of 296 kg. over the May to Septemiber period. This 
loading is distributed across sub-basins In proportion to area. 

2.4 Suimnary of Inputs 

B^asin wide inputs of phosphorus are surmi'arized by source in Table 9, The 

water pollutioin control plant in the largest source. Overland runoff and 

storm sewer flows follow. It is notable that total inpyts are almost 
evenly divided between urban and rural sources. 

Control measures considered above enable an overall loading reduction of 
1637 kg or 34% of Inputs during the growing season. Measures at the 
water pollution control plant are prominent in achieving this degree of 
control. 

Values in Table 9 provide a relatively complete inventory of phosphorus 
inputs to the Avon River. However, their estimation relies on a number 

of assumptions that belie the reassurance that may derive from such a 

detailed quantification. Assumptions that are notable in this regard are: 
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that volumes of runoff flow and interflow are proportloflal to 

volumes of inistream flow observed during periods of runoff; 

that various phosphO'rus loading rates can reliably be applied to a 

small basin; 

that yield rates for O'Verland runoff can be meaningfuny 

discretized on the basis of slope alone and not other factors such 

as the hydrologic response of the land base (see Dickinson, 1982). 

Phosphorus input estimates m-ust accordingly be iterpreted with caution. 
There is, however,, enough informatiO'n here to suggest that no single 
source dominates the phosphorus regime in the river and that the feasible 
level of reduction, 36%. through the M^ay - September period, is not as 
great as one might want. 



TABLE 9: SUMMARY OF PHOiSPHORUS INPUTS TO THE AVON RIVER 



SOURCE 


PHOSPHORUS INPUTS (kt) 


FEASIBLE 




May to 


Sept . 


Annual* 


REDUCTIONS 






It 


"'Ural only) 


May to Sept, 


Water Pollution Controll 










Plant - tertiary effluent 


900 




» 


660 


- bypass effluent 


752 




_ 


466 


~ Sub -Total 


m2 


(35%) 


- 


1126 


Storm Sewers 










'- wet weather 


427 




_ 


i 


- dry weather 


304 




_ 





- Sub-Total 


73T 


(15%) 


- 





Lake Victoria Waterfront 


22 


(0.5%) 


- 





Livestock - feedlot runoff 


308 




1738 


154 


- manure pile runo 


ff 55 




305 


28 


- cattle acess 


204 




204+ 


102 


- Sub-Total 


567 (12%) 


2247+ 


284 


Subsurface Drains 


219 ( 5%) 


1237 





Overland Runoff 


1144 


(24%) 


10800 


235 


Streambank Erosion 


132 


( 3%) 


1493 


66 


Background 


296 


( 6%) 




i 


TOTAL 


4763 


15777+ 


1711 



Note: * Estimates of annual urban loads are not available. 
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3. INSTREAM TRANSPORT OF PHOSPHORUS 



Exports of phosphorus from each sub-basiin for the May to September periO'd 
were calculated using flow volumes and concentration data fo^und in the 
Appendices. These estimates are reported in Table 10 along with flow 
weighted mean concentratiO'ns and the sum of estimated lo'call inputs to the 
stream from sources in each sub-basin.. 

In Table 10, the input and export data are not directly comparable. Each 
export figure represents the total amount of phosphorus that passes out 
of a sub-basin over the modelled period. Thus, total exports from the 
Avon Basin are 1052 kg and not the sum of the individual export values. 
The exported phosphorus from an upstream catchment is , in effect, an 
input to the adjacent downstream catchment. The local inputs, on the 
other hand, represent primary loadings to the river system. Total inputs 
to the entire Avon Basin are therefore the sum of each of the local 
sub-basin inputs. 

It follows from results in Table 10 that total inputs, summing to 4,763 
kg, are not all exported from the Avon Basin at least within the period 

considered here, since phosphorus exports at station 13 which leave the 
basin amount to only 1,,052 kg. This finding 1s not unexpected, A 
failure to adquately sample high flows which carry the bulk of suspended 
sediments will cause a downward bias in the estimate of phosphorus 
exports. Apart from this type of measurement error, discrepancies 
between seasonal Inputs and exports are expected because of the loss of 
phosphorus to seasonal and long term sinks in the stream. Phosphorus may 
be lost to bed sediments by settling of suspended sediments or by direct 
absorptiO'n (Harms, et al 1978), These losses may susequently be scoured 
and transported downstream by heavy runoff flows. BioaccumuTation in 
algae represents a seasonal sink due to the luxuriant growth of nuisance 
algae occurring through the suimmer (Thorn ley,, 1982). Hill (1981) found a 
90% instream loss of dissolved phosphorus during summer low flow periods 
and a 29% loss over an annual period. 
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TABLE 10: COMPARISON OF PHOSPHORUS INPUTS AND EXPORTS BY SUIB-BASII 



SUB-BASIN 


TOTAL PHOSPHORUS, 


MAY TO 


SEPTEMBER 




SUM OF LOCAL 
INPUTS (kg) 


EXPORTS 
(kg) 


FLOW WEIGHTED' MEAN "" 
CONCENTRATION* 
(mg/l) 


above sta. 1 


754 


« 


0.059 


sta, 1 to sta. 3 


438 


180 


0.063 


sta. 3 to sta. 6 


719 


523 


0.089 


sta. 6 to sta. 7 


1849 


1254 


0.146 


sta. 7 to sta. 10 


650 


1154 


0.115 


sta. 10 to sta. 13 


355 


1052 


0.096 



Note: * Concentrations measured at the downstream end of each reach 



A mass-blance model of the interaction between phosphorus inp-uts to a 
rl¥er reach, stream sinks and phosphorus exports is depicted in 
Figure 3. For reach "1", the equations describing this mass balance 
are: 

ILi + I Mi = Ei + Lji , and 
Ei = IMi+i; 
where: 

ILi = local phosphorus inputs, 

IMi; = phosphorus iinputs imported from upstream reaches, 

E-j = phosphorus exported to the downstream reach, 

Ij = phosphorus lost to instream sinks. 

Using this model, the data in Table 10 is interpreted in Figure 4 to 
more clearly define the relationships between inputs, and exports of 
phosphorus. The unaccounted for or lost portiO'n of phosphorus Inputs 
to these reaches varies from 87% in the headwater area to 29% in the 
last reach. 
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SEWAGE AND' STOiRFI 

SEWER EFFLUENTS, 

LIVESTOCK WASTES, 

EROSION.. ETC. 



FIGURE 3: INSTRE,AM PROCESSING Of PHOSPHORUS 



LOCAL 

INPUTS 



FROMi PRIMARY 
SOURCES 




IMPORTED FROH 
UPSTREAM REACHES 




EXPORTED TO 

DOWNSTREAM REACHES 



LOST TO 
INSTREAM 
SINKS 





BIOACCUMULATION, 
ADSORPTION, 
SEDIMENTATIO'N, 
ETC. 



19 



200i0 - 



E 

S- 

en 
o 



o 

O 



I— 
o 




ABO^VE 
STA. 1 



STA. 1 TO 
STA. 3 



STA. 3 TO 

STA. 6 



STA. 6 TO 
STA. 7 



STA. 7 TO 
STA. 10 



STA. 10 TO 
STA. 13 



FIGURiE 4: TKWJIS AND EXPORTS OiF PHOSPHORUS BY REACH FROM .MAY TO SEPTEf1B.ER 



It does tTOt appear that bioaccumulation can account for a 
significant portion of the lost phosphorus in the stream below 
Stratford (station 7 to station 13). Over this stretch, total 

aquatic biomass gro'wth was estimated to be 49,500 kg in 1981 
(Thornley, 1982). Sampled plant tissue had a mean observed 
phosphorus content by weight of 0.39%. This implies a total uptake 
of only 193 kg compared to a total estimated phosphorus loss over 
this stretch of river of over 2000 kg. Measurement errors and 
losses to bed sediments therefore are more likely explanations of 
estimated losses - 

It is noteworthy that the highest proportionate losses of phosphorus 
occur in upper reaches where channels are municipal drains. 
Sediment accumulation in these drains is a readily observed 

phonomenon. The streambed material of the lower Avon River, on the 
other hand, consists primarily of sands, gravels and cobbles with 
little evidence of significant sediment accumulation • 
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4. ESTIMATED REDUCTIONS IN INSTIREAM PHOSPHORUS CONCENTRATIO'NS 

Phosphorus inputs to the AvO'n River are described in section 2 while 
stream processing of these inputs is assessed in a cursory manner in 
section 3 using a "black box" model of a river reach. In this 
section this model is applied to predict the impact of loading 

reductions on instreaim phosphorus concentrations. To do this, the 
following assumptions are made: 

'^ «*";: flow weighted concentrations of total phosphorus at the end 
of a reach are proportional to exports of total phosphorus 
■from that reach,, 

i* the percentage of total phosphorus inputs to a reach that 
. .are lost to stream sinks remains constant as total inputs 
change. 

The first assumption above is relatively straight forward. The 
second is a "black box" assumption that begs many questions 
regarding the fate of phosphorus once it enters the stream system. 
Together, these two assumptions tie changes in instream 
concentrations of phosphorus to all upstream Inputs , giving greater 
weight to those inputs which are proximate. 

More formally, from assumption (a) the total phosphorus 

concentration at the end of reach "i"' changes from C- to C. 
after phosphorus exports from that reach change from E. to E". 
in a proportional manner:. 

C./C'^ = E./E'. (5). 

As a result of assumption (b), we can define the proportioin of 
exported phosphorus for reach "i" as: 

e' = E./(IL. + IiM.) - E'./(IL'. + IMi'.) (6). 
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Exports of phosphorus from reach "i" after remedial efforts are'' 
Implemented can then be defined as:. 

E'. = e.(IM'. + IL'.) 

= e.(E". + IL'.) 

= e.(e.^,^(IM-^,_,.ILV.^l)'. If.) 

= e-IL' . + e.e._jILV._^ + ...+ (e.e._p..ej) IV ^ |l} 



Local phosphorus inputs under existing and a variety of alternative 
remedial control options are given in Table 11. Using these values 
and the model described h^ Equations 5, 6„ and 7, instream 
phosphorus concentrations for various control options were estimated 
(Table 12). 

A comparison of relative magnitudes in Table 12 reveals that 
controlmeasures at the water pollution control plant provide the 
greatest impact on instream phosphorus concentrations but of course 
only affect the river below Stratford. Among the rural measures , 
conservation tillage shows the greatest promise though cattle access 
controls are not far behind. 

A limiting concentration of instreami phosphorus for the algae, 
Cladophora glomerata , was estimated to be O1.O6 mg/1 (Painter et ai^ 
1976). Only two stations, 1 and 3, are at this level under existing 
coniditions.. Rural remedial measures may reduce phosphorus 
concentrations to below O'.OS mg/1 at these stations and should 
therefore have some impact on nuisance algae growths. Within and 
below Stratford, however, existing concentrations exceed the 
limiting level and are brought down to that level only at station 13 
under option 10 involving all remedial actions. It is not clear 
that this reduction would ameliorate the eutrophic conditions 
observed below the city. These observations are tentative in nature 
considering the approximate nature of the analysis in this report, - 
Confirmation of these results m.ust await further research and 
monitoring. 
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TABLE 11: ESTIiMATED^ CHANGES IN PHOSPHORUS INPUTS 







SUB=BASIN 












aboive 
1 


1 to 
3 


3 to 

6 


6 to 

7 


7 to 

10 


10 to 
13 


CONTROL MEASURE^: 
















NOflE 


jm 


438 


719 


1849 


650 


355 


1. 


yPCP P-REMOVAL 


m 


438 


719 


1189 


650 


355 


2. 


WPCP BYPASS CONTROL 


754 


438 


719 


1383 


650 


355 


3, 


yiPCP P~REMOVAL AND 
BYPASS CONTROL 


754 


438 


719 


723 


650 


355 


4. 


MANURE MANAGEMENT^ 


70i 


358 


716 


1849 


628 


324 


5. 


CATTLE ACCESS CONTROL 


714 


419 


706 


1849 


631 


346 


6. 


CONSERVATION TILLAGE^ 


660 


408 


714 


1841 


595 


318 


7.. 


STREAiMBANK EROSION 
CONTROL 


742 


428 


704 


1843 


641 


348 


8. 


MANURE MANAGEMENT AND 
CATTLE ACCESS CONTROL 


i668 


339 


703 


1849 


608 


314 


9. 


ALL FEASIBLE RURAL 
MEASURES^ 


562 


299 


682 


1835 


543 


270 


I'O. 


ALL FEASIBLE 
MEASURESe 


562 


299 


682 


709 


543 


270 



NOTES: a. All measures are as defined in section 2. 

b. Control of runoff from barnyards and manure piles 

c. Fall chisel pllow tillage of intensively cropped areas 
with slopes exceeding 2%. 

d,. Options 4,, 5:j 6 and 7 combined. 
e. Options 3 and 9 comiblned. 
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TABIE 12: ESTIMATED CHANGES IN INSTREAM PHOSPHORUS CONCENTRATIOiNS 







WATER 
1 


QUALITY 
3 


STATION 
6 


T" ~ ^ 


~X0'^~ 


""n-^""' 


CONTROL MEASURE^: 
















NONE 


.059 


.063 


.089 


.146 


.115 


.096 


1. 


WPCP P=RE.MOVAL 


.059 


.063 


.089 


,105 


.094 


.083 


2. 


WPCP BYPASS CONTROL 


.059 


.063 


.089 


.117 


.100 


.086 


3. 


WPCP P -REMOVAL AND 
BYPASS CONTROL 


.059 


.063 


.089 


,077 


.079 


.073 


4. 


IMANUR,E mNAGEHENT^ 


.055 


.053 


.086 


.145 


.113 


.093 


5. 


CATTLE ACCESS CONTROL 


.056 


.060 


.087 


.145 


.113 


,.094 


6. 


CONSERVATION TILLAGE'C 


.052 


.058 


.087 


.145 


.111 


.091 


7. 


STREAMBANK EROSION 
CONTROL 


.058 


.062 


.087 


.145 


.114 


.095 


8. 


MANIURE MANAGEMENT AND 
CATTLE ACCESS CONTROL 


.052, 


.,050 


.084 


.144 


.111 


.091 


9. 


ALL FEASIBLE RURAL 

MEASURES^ 


.044 


.044 


.080 


.142 


.106 


.085 


10,. 


ALL FEASIBLE 
MEASURESe 


.044 


.044 


.080 


.072 


.070 


.062 



NOTES: a. All measures are m defined in section 2. 

,b. Control of runoff from barnyards and manure piles 

c. Fall chisel plow ti lllage of Intensively cropped 
areas with s loupes exceeding Z%* 

d. OptiO'ns 4,5 5 5 6 and 7 combined. 

e. Options 3 and 9 combined. 
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APPiENOIX 1 - SEASOnNAIL FLOW VOLUMES 

Flow records at station 10 (the Federal guaglng station GD018) for 
1980 and 1981 and for the historical period of record, 1965 to 1981,, 
were investigated to determine whether flows for the 1980-81 study 
period were typical. Mean monthly flows, plotted in figure Al, 
reveal that the 1980 flows follow the long term trend very closely 
while the 1981 data has a seasonal distribution that is advanced 

somewhat. On the other hand, the mean discharge for the long 

3 - 1 3 

record, 1.77 m sec , is closer to that of 1981, 1.74 m 

-1 1 _ 1 

sec , than of 1980, 1.59 m sec , The siifiilarlty of the 

seasonal flow pattern to the long term record plus the fact that 

runoff water quality data for storm sewers and rural overhead are 

modellea using 1980 conditions argues in favour of an analysis of 
seasonal discharge based on 1980 data. 

Based on a review of daily mean flows, hourly flows and rainfall 
data, the 1980 daily mean flow record was divided into wet weather 
and dry weather periods. These flows were further divided into 
seasonal periods: 

- the sunnier growing season - May to September 

- the fall and Winter period - October to March (excluding 

snowmelt flows occurring after D'ecember) 

- the spring runoff period - February to April plus earlier 
snowmelt runoff flows. 

Results of this analysis are as follows: 



Period 


Summer 


Fa11/W- 

dry 


i nter 
wet 


Spring 




dry 


wet 


Runoff 


Flow Volume 

(io\^'' 

Mean Flow 

(m^sec"^) 

Duration 

(days) 


2,873 
0.350 

95 


7,202 

1.437 

58 


5,287 
.546 

112 


8,429 

2.168 

45 


24.975 
5,162 

m 
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FIGURE hi: MONTHLY FLOWS AT STATION 10' 
(1980, 1981. 1965 - 1981) 
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Summer wet weather flows accO'Unt for 17.7% of anniual wet 

weather/runoff flows at station 10. 

To facilitate an analysis of phosphorus flux at various monitoring 
stations, flow volumes were estimated by area pro-rating of station 
10 flows. Simple area pro-rating was applied to wet weather flows. 
Dry weather flows , however ^ were measured net of urban contributions 
and pro-rating was based on the rural areas in each catdhement. 

This was done because dry weather flows from the urban area*^ 0..,3 

3-1 

m sec , were so predominant that simpTe pro-rating would have 

1 1 
been eroneous. The W'PCP dry weather flow is 0.2 m sec . The 

3 -1 

remaining urban flow, 0.1 m^sec is associated with a storm 

2 
sewered area mieasuring 13.57 km , In contrast to thiSj the rural 

3 _i 

portion of the station 10 mean dry weather flow, Qi.OS m^sec ^ Is 

2 
generated by an area measuring 144 km , 



For the monitoring stations of interest, areas and summer flow 
volumes are as follows: 



UPSTREAM AREA(km2) SUMMER FLOW VOLUME (lO^m 3) 

Station Total urban dry wet 



1. 


30 




86' 


1500 


i 


54 




154 


2700 


i 


100 


8 


866 


5001 


f 


119 


13 


2590 


5952 


m- 


144 


14 


287'0 


7202 


u 


161 


14 


2920 


8052 



1 

The annual wet weather flow volume at station 13 is 45,400 m . 

The sumner wet weather volume comprises 17.7% of this. This 
percentage value is used in the seasonal allocation of certain 

runoff associated annual phosphorus loads. 



SAREMP Technical Report U-3. 
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APPENDIX 2 - SEASONAL WATER QUALITY DATA 
TABIE A2-1: TOTAL PHOSPHORUS (mg/1) 



STATION 


STATISTIC . 


SUMMER 


FALL AMD 


SPRING 






dry 


wet 


y INTER 


RUNOFF 


1 


mean 


.035 


.060 


.051 


,156 




mini. 


.026 


.030 


.024 


.040 




. max. 


.046 


.136 


.150 


.350 




no, obs. 


8 


8 


f 


7 


S 


mean 


.044 


.064 


.075 


.131 




min. 


.034 


.034 


.030 


.050 




max . 


.058 


.121 


.290 


.280 




no. obs. 


9 


11 


9 


5 


i 


■^ mean 


.078 


.091 


.069 


.145 




min. 


.040 


.062 


.034 


.054 




mi ax. 


.114 


.136 


.144 


.222 




ino, obs. 


9 


8 


i 


i 


1 


mean 


.142 


.149 


.303 


.498 




mi n . 


.050 


.080 


.090 


.138 




max. 


.330 


.280 


1.280 


1.350 




no. obs. 


9 


11 


9 


7 


10 


mean 


.101 


.120 


.173 


.223 




mi n . 


.055 


.055 


.045 


.088 




max. 


-160 


,218 


.500 


.345 




no, obs. 


9 


8 


9 


5 


13 


mean 


,0€0 


,109 


.094 


.224 




ml n . 


.013 


.054 


.018 


.082 




max. 


,108 


.334 


.335 


.360 




no. obs. 


9 


11 


■a 


7 
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TABLE A2-2: SOLUBLE PHOSPHORUS (mg/l) 



STATION 


STATISTIC 


SUMMER 


FALL AND 


SPRING 






dry 


wet 


WINTER 


RUNOFF 


1 


mean 


.005 


.017 


.017 


.054 




min. 


.001 


.003 


,004 


.002 




max. 


.0T3 


.052 


.051 


.097 




no. obs. 


8 


8 


9 


7 


3 


m,eani 


.009 


.018 


.026 


,045 




min. 


.007 


,003 


.010 


.003 




max. 


.012 


.048 


.049 


.096 




no, O'bs. 


9 


11 


9 


5 


i 


mean 


.005 


.009 


.015 


.050 




min. 


.001 


.001 


.001 


.003 




max. 


.029 


.057 


,037 


.099 




no, obs. 


9 


8 


i 


S 


1 


mean 


.049 


.051 


. 221 


.208 




min. 


.001 


.002 


.043 


.056 




max. 


. 129 


.146 


1.180 


.415 




no. obs. 


9 


11 


9 


7 


10 


mean 


.024 


.032 


.113 


.12f 




min. 


.004 


.002 


.004 


.062 




max. 


.053 


.109 


.440 


.205 




no . bs . 


9 


8 


9 


5 


13 


mean 


.015 


.030 


.075 


.129 




mi n . 


.001 


.006 


.001 


.049 




max. 


.039 


.064 


.310 


.230 




no, obs. 


9 


11 


8 


1 
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TABLE A2-3: 


SUSPENDED SEDIMENT (mg/1) 




STATION 


STATISTIC 


SUMMER 


FALL AND 


SPRING 






dry 


wet 


kf INTER 


RUNOFF 


I 


mean 


3.1 


8.2 


14.6 


35.2 




min. 


1.3 


1.9 


1.2 


6.5 




max . 


6.5 


25.0 


38.2 


122.6 




no. obs. 


6 


8 


9 


7 


i 


mean 


5.8 


10.6 


34.7 


30.2 




min. 


2.5 


3.2 


3.1 


10. 7 




max. 


11.5 


37.0 


205.0 


76.0 




no. obs. 


7 


u 


§ 


i 


i 


mean 


9.6 


14.2 


37.8 


31,5 




min. 


5.1 


10.5 


11.2 


6.2 




max . 


13.7 


18.0 


63.8 


168.6 




no. obs. 


7 


8 


6 


9 


7' 


mean 


7.1 


9.4 


15. '8 


58. 0" 




mi n . 


2,6 


4.9 


2.4 


27.1 




max. 


12.5 


15.0 


94.1 


115.1 




no. obs. 


7 


11 


§ 


7 


10 


mean 


8.5 


10.9 


11.1 


27.7 




mi n . 


4.0 


5.6 


1.1 


8.3 




max. 


13.3 


22.1 


37.2 


51.7 




no. obs. 


7 


8 


i 


5 


13 


mean 


5.5 


17.7 


2.8 


21.8 




mii n . 


0.1 


3.3 


0.7 


4.9 




max. 


11.2 


101,0 


7.0 


41.3 




no. obs. 


6 


11 


8 


7 
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